Low-voltage electrochemical actuation of radical polymer gels has been demonstrated in an organic electrolyte. Polymer gels were prepared by post-modification of active-ester precursor gels with an amine-functionalised radical. A combination of few-layer graphene and multiwall carbon nanotubes gave high conductivity and improved actuation in the gels, with 32% linear actuation. The actuator system showed good stability over at least 10 cycles, showing its promise. The cycle time was several hours due to mass-transport limited transport of ions and solvent into the device.
Introduction
Commercial solid-state actuators include shape memory alloys and piezoelectric ceramics. Those inorganic materials are typically heavy, nonexible and relatively expensive. Shape memory alloys require high temperature while electroactive piezoelectric ceramic need high electric elds but only produce a small strain. Since the 1990s, polymer based electroactive materials (EAPs) have emerged as potential components of actuators. [1] [2] [3] EAPs have useful properties such as low density, high exibility, good fracture tolerance, potentially large strains and low manufacturing cost.
Conducting polymers (CPs) form a subgroup of EAPs, 1,2 and have some unique advantages in this application. For example, conducting polymers show a catch state, 4 (i.e. only a minimal amount of energy is needed to hold a steady load), high work density, 5 moderate to high strain (1-40%), moderate stress, and good exibility. CPs undergo volumetric changes when switching between their oxidised and reduced state and this can be exploited to perform work. 4, 6, 7 This volume change is only small (up to a few percent) so to achieve high strains CP actuators are employed in bending or twisting modes, which limits the achievable stress values. Work density is the amount of work generated in one actuator cycle per actuator volume and values for CPs can be within a factor of four as compared to combustion engines. 1 Low voltage operations accompanied with high work densities make CPs attractive in applications such as medical devices and microuidics. 5 CPs can be divided into groups, including conjugated polymers (e.g. polypyrrole, polyaniline, polyacetylene etc.) and redox polymers (RPs). Redox polymers contain unconjugated backbones and covalently attached redox sites, either built into the chain, or as pendent groups. 8, 9 RPs need to have a high density of redox active groups in the polymer backbone to be (semi) conducting, to allow charge transport via hopping.
Previously we showed that a quinone-containing polymer could be usefully employed in a gel actuator. 10 The operation of the actuator was limited by the poor conductivity of the gel. However, substantial improvement was found by incorporating carbon nanotubes into the material. The gel swelled upon reduction of the quinone units into negatively charged phenolic units in the basic organic medium. However, side-reactions during redox cycling led to solvent and functional group degradation, and eventual loss of action. This necessitated changing the solvent aer several cycles to keep the device performing. The basic nature of the solvent may have also contributed to hydrolysis of the cross-linkers and functional groups. Despite this, the device showed good linear expansion of ca. 40% at low potential (+1 V vs. Fc/Fc + ).
In this work, we utilise a class of pendent polymers that have also been investigated for use in battery technology. [11] [12] [13] [14] [15] These RPs bear pendant, stable radical groups attached to the polymer backbone. 12-14 2,2,6,6-Tetramethylpiperidinoxy (TEMPO) is the most common pendent group used in radical polymers due to its excellent stability, and ease of synthesis and incorporation. Cyclic voltammetry (CV) of TEMPO in water reveals a reversible oxidation wave at 0.49 V on the anodic side but irreversible redox behaviour at À0.62 V on the cathodic side (vs. a saturated calomel electrode at pH 7). 16 The reversible one electron oxidation process from the TEMPO radical to the oxoammonium salt (TEMPO + ) is illustrated in Scheme 1. This redox system has been shown to be stable over many hundreds of cycles in batteries, [11] [12] [13] [14] and so looked to be a promising candidate for use in actuators. The oxidised form of TEMPO is a potent oxidizing agent, which for instance will rapidly oxidise alcohols into their corresponding aldehydes. 17, 18 This limits the range of solvents and comonomers that can be used with the system.
Experimental

Materials
Dicyclohexyl carbodiimide (DCC) (538-75-0), methacrylic acid (79-41-4), N-hydroxysuccinimide (97%) (6066-82-6), 4-amino-2,2,6,6-tetramethylpiperidine (98%) (36768-62-4), acetic anhydride (Ac 2 O) (108-24-7), sodium carbonate anhydrous (497-19-8), sodium tungstate dihydrate (Na 2 WO 4 ) (10213-10-2), hydrogen peroxide (30%) (7722-84-1), and 1,1 0 -azobis(cyclohexanecarbonitrile) (ABCN) (2094-98-6) were used as received (Sigma-Aldrich). MWCNT were obtained from Nanocyl (Nanocyl 3100, diameter 9.5 nm, length 1500 nm). 19 Few layered graphene (FLG) was obtained through heat treatment of multilayered graphene. 20 Styryl-functionalised star macro-cross linker (S-XL) was synthesised according to the literature. 21 Synthesis of N-hydroxysuccinimide methacrylate (1) 22 DCC (8.7 g, 42.1 mmol) in ethyl acetate (20 mL) was added dropwise to a solution of methacrylic acid (2.4 g, 27.4 mmol) and N-hydroxysuccinimide (5.0 g, 42.1 mmol) in ethyl acetate (25 mL) at 0 C. The mixture was stirred overnight at room temperature, the resulting suspension was ltered, and the solvent was removed from the ltrate under reduced pressure, to obtain a white solid. This was puried by column chromatography using EtOAc/PET (30 : 70) over silica.
Yield 75%; Anal Calcd for C 8 
Preparation of nanocarbon dispersion
DMF (10 mL, 9.48 g) was mixed with 50 mg of MWCNT, and 15 mg of few layered graphene (FLG). The mixture was sonicated for 4 h in a Bandelin RK 52 ultrasonic bath, keeping the temperature range between 5-10 C to avoid overheating. To this dispersion was added another 50 mg of MWCNT and 15 mg of FLG and it was sonicated for another 3 h at the same temperature range. The nal dispersion contained MWCNT/FLG in 10 : 3 weight ratios and 1.35% (w/w) in solids. The total amount of each component in the nal gels is detailed in Table S1 (ESI †).
Preparation of actuators
A plastic mould was produced by melting the exit end of a 1 mL plastic syringe (inner diameter of $4.7 mm). A coiled Pt wire electrode was constructed with 12 turns (wire thickness 0.0127 mm); with an overall coil length of 1 cm and a coil diameter of 2.5 mm. Enough wire (ca. 2 cm) was le at one end of the coil to allow electrical connection.
The Pt coil was placed inside the plastic syringe mould. A mixture of monomer 1 (400 mg), crosslinker S-XL (20 mg), ABCN (30 mg) and nanocarbon dispersion (1.40 g) was degassed by bubbling argon for 5 minutes, and added into the syringe/coil assembly. The top was sealed and polymerized at 70 C o/n. The polymer gel was removed from the syringe and soaked in a solution of 4-amino-TEMPO (5 equivalents) in DMF-dioxane (70 : 30, v/v) at room temperature for 4 days. The resulting radical gel composite is termed G2-C; the equivalent gel without the nano-carbon dispersion is termed G2. The gels were then put into DMF-MeCN (10/90 v/v) containing 0.1 M NBu 4 PF 6 , (20 mL) for 1 day to extract any unreacted amine and to ready the gel for actuation. For actuation measurements the gel was cycled between +0.5 V and À1.04 V against an internal reference of ferrocene (Fc/Fc + ) in the above electrolyte system.
Cyclic voltammetry
Cyclic voltammetric (CV) experiments were performed at 20 C in DMF-MeCN (10/90 v/v) with 0.1 M Bu 4 NPF 6 as the supporting electrolyte, degassed with argon. A three-electrode cell was used with a BAS 3.0 mm diameter glassy carbon working, platinum wire auxiliary and reference electrodes. A 3 Â 3 Â 0.5 mm slice of gel (either G2 or G2-C) was placed on the working electrode surface and retained with dialysis membrane and a rubber ring. Voltammograms were recorded with the aid of a Powerlab/4sp computer-controlled potentiostat with internal reference of ferrocene (Fc/Fc + ).
Results & discussion
Three approaches were attempted for the preparation of TEMPO-containing gels. Direct polymerisation of a methacrylated nitronium salt has been demonstrated, [23] [24] [25] but any traces of residual TEMPO-containing monomer will inhibit the polymerisation completely. We found it impossible to prepare the monomer salt free of any radical impurities, and so this route was abandoned. It is also possible to polymerise a respective piperidine monomer and oxidise the amine groups aerwards with m-chloroperbenzoic acid (mCPBA). 14 However, actuator performance was not as good as desired, and the actuators failed aer one cycle. This may be due to over-oxidation of the piperidine units which is a known side-reaction of this oxidation route. 26 The best method proved to be radical polymerisation of an active ester monomer together with a starmacrocross-linker 10 to form a gel G1. The monomer incorporation appears to be quantitative as no residual monomer can be extracted aer soaking in excess solvent. This polymerization is followed by nucleophilic substitution with a nitroxidecontaining amine (Scheme 2) to give a radical containing gel G2. Infrared analysis of the gels during substitution showed that 4 days reaction was needed at rt for the active ester peak in the IR spectra at 1727 cm À1 in gel 2 to largely disappear and to be replaced by an amide peak at 1647 cm À1 (ESI †).
We have found previously that it is necessary to incorporate conductive llers in these actuators as the gels are not conductive enough by themselves. 10 Indeed the same was found in the present study, that no actuation was seen in the pristine gels without added conductive llers. We also nd here that no actuation is produced without the electroactive TEMPO radical being present (e.g. using G1 or G1-C). The previous work used multiwalled carbon nanotubes (MWCNTs) dispersed with poly(vinyl pyridine) (PVP). We were interested to see whether the more conductive graphene could also be used. The best dispersion results were obtained with a 3 : 1 w/w mixture of MWCNTs and few-layer graphene (FLG) (sonicated at low temperatures to prevent damage to the nanotubes 27 ). Both these needed a dispersing agent such as PVP to stop sedimentation and aggregation when used alone in organic solvents. However when used together stable suspensions were formed without the use of any other agents, as they appeared to interact with each other and help prevent occulation and sedimentation. As shown in the TEM image of the resulting carbon-containing gel G2-C, (Fig. 1) the FLG in this gel is not well connected with each other due to its low concentration, but the nanotubes appear to bridge the gaps, allowing for a good electrical conducting network to be formed. It has been noted by others that mixtures of carbon nanotubes and graphene are oen more conductive at low loading levels than either by themselves. 28 The gel G2 (without carbon llers) shows the typical CV expected for a TEMPO radical, conrming successful post modi-cation (Fig. 2a) . The equivalent gel sample G2-C, containing the dispersed nanocarbons, also showed the respective oxidation and reduction peaks but with wider peak-to-peak separation and with a much higher peak current (Fig. 2b) . The difference was that G2 was poorly conductive, and hence reversible oxidation and reduction only occurred close to the electrode surface. The conductive carbon ller allowed redox processes to occur throughout the gel thickness, increasing the peak current. This large current required the equivalent movement of large amounts of ions through the gel which was slow, hence resulting in the broadening and shiing of the redox peaks. The poor conductivity of G2 also meant that no actuation was seen, unlike G2-C.
Actuators were constructed using a platinum coil electrode embedded into the gel. The coil allowed electrical contact, as well as promoting linear expansion of the gel. 10 The gel-coil composite was cycled between +0.5 V and À1.04 V against internal reference of ferrocene (Fc/Fc + ) in electrolyte system of DMF-MeCN (10/90 v/v) containing 0.1 M NBu 4 PF 6 as electrolyte. This solvent mix was found to give the best performance of the solvents tried, and produced a large difference in the swelling of the gel between the oxidised and reduced states. Other electrolytes were tested, including LiClO 4 , LiOAc, Et 4 NBF 4 , Et 4 NPF 6 , and NBu 4 BF 4 , however the actuation rate was much slower and so these were not examined further. The reason for effect this is not clear, but it might be that the larger size of the NBu 4 PF 6 ions produces the largest swelling effect and thus apparent actuation rate . While the reduction voltage represented a substantial overpotential over what might be expected to be needed (ca. 0.2 V), it ensured that the expansion and contraction occurred at similar rates. Lower voltages produced a much slower contraction, possibly due to the expanded gel being less conductive. The gel expanded linearly by about 32% in 90 minutes, and shrunk back to its original state aer reduction in a similar period of time ( Fig. 3 ). Even further expansion appeared possible from the extension versus time graph (Fig. 4 ), but the gels were somewhat fragile when expanded and prone to tearing on prolonged oxidation. While our previous gel showed slightly larger expansion (40%), 10 it is still much better than previously reported conducting polymer actuators, which only show strains of a few percent on redox cycling.
This system was tested for 10 cycles (Fig. 4 ) with little change in performance without any change of solvent. This is in stark contrast to the quinone actuator, 10 which needed replacement of solvent every few cycles due to unwanted electrode reactions, as evidenced by bubbling from the gel and halting of the actuation.
There remain several issues that can be improved. The actuation is slow, and this might be improved through nanostructuring of the gel, allowing faster transport of solvent and ions through the bulk. Alternatively, the actuator could be miniaturized, which would proportionally speed up the bulk diffusion. To use in practice, the actuator will need to be self-contained to hold the solvent, or used in applications (such as microuidics) where the solvent is present. However, the performance and stability of the actuator looks very promising. 
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